We have investigated the lasing characteristics of GaN-based two-dimensional photonic crystal surface emitting lasers ͑PCSELs͒ with different PC lattice constants by using angled resolved spectroscopy. Due to the Bragg diffraction theory, normalized frequency of lasing wavelength of PCSELs can be exactly matched with three distinct band-edge frequencies ͑⌫1, K2, and M3͒ in the photonic band diagram. The three band-edge frequencies ͑⌫1, K2, and M3͒ have different emission angles corresponding to the normal direction of the sample ͑0°, 29°, and 59.5°͒. © 2010 American Institute of Physics. ͓doi:10.1063/1.3313947͔
Photonic crystal, composed of period structures by dielectric or metal materials, can provide multidirectional distributed feedback effects near the band edges 1-5 which could be considered as good candidates for semiconductor lasers, having characteristics of perfect single mode emission over a large area, high output power, and surface emission with narrow divergence angle. 6, 7 These two-dimensional ͑2D͒ photonic crystal surface emitting lasers ͑PCSELs͒ usually consist of a perfect PC lattice and the laser action would happen in those band edges in the photonic band diagram by satisfying the Bragg condition. The surface emission would occur when the vertical diffraction conditions are satisfied. Most of previous PCSELs operated at ⌫1 band edge. 8, 9 However, further detailed properties of different band-edge modes for PCSELs, e.g., band structures and lasing angles in vertical directions especially for high order band edges have not been reported. In this report, we will demonstrate the lasing characteristics at different band-edge frequencies or high order lasing modes of GaN-based PCSELs with triangular lattice structures which can be reconstructed by using the angularsolved -PL system. The measured photonic band diagram could map correspondingly to simulated photonic band structure in K-space and each of PC band-edge modes exhibits a different type of wave coupling mechanism according to the Bragg diffraction mechanism which caused specific lasing emission angles.
The reciprocal spaces of triangular lattice are shown in Fig. 1 . The diffracted light wave from the PC structure should satisfy the Bragg's law and energy conservation law as followed:
where K d is a xy-plane wave vector of diffracted light wave; K i is a xy-plane wave vector of incident light wave; q 1,2 is the order of coupling; d is the frequency of diffracted light wave, and i is the frequency of incident light wave. Equation ͑1͒ represents the phase-matching condition ͑or momentum conservation͒, and Eq. ͑2͒ represents the constantfrequency condition ͑or energy conservation͒. 9, 10 As shown in Fig. 1͑a͒ , the first band-edge mode at ⌫ boundary, termed as ⌫1 band edge, is assisted by second order or by higher order diffraction, the diffracted waves in the in-plane direction includes five directions 60°, 120°, Ϫ60°, Ϫ120°, and 180°. Simultaneously, the diffracted light can emit perpendicularly from the PC surface by satisfying the first order Bragg diffraction as shown in Fig. 1͑d͒ . Therefore, the PC lasers can operate as surface emitting lasers. Let us first turn our attention to the K boundary. Figures 1͑b͒ and 1͑e͒ show the in-plane and vertical diffraction for the K2 band-edge mode. To satisfy the energy conservation, these diffracted lights with smaller in-plane K values need to be diffracted to a tilted angle of 30°off to the normal of the PC surface as shown in Fig. 1͑e͒ . Therefore, we could expect that the emission angle of K2 mode would be different from that of the ⌫1 mode. Similarly, Figs. 1͑c͒ and 1͑f͒ show the more complicated in-plane and vertical diffraction at M3 band-edge mode. In this case, except the in-plane diffracted light, several inclined diffracted lights can exist. The tilted angles of these inclined diffracted lights can be calculated as 19.47°, 35.26°, and 61.87°off to the normal of the PC surface, respectively.
The PCSEL structure was grown on 2-in. sapphire substrate and consisted of a 25-pair GaN/AlN distributed Bragg a͒ Author to whom correspondence should be addressed. Electronic mail: timtclu@mail.nctu.edu.tw. reflector ͑DBR͒, a n-GaN layer of about 560 nm, ten pairs of InGaN/GaN multiple quantum wells, and a p-GaN layer of about 200 nm. The PC structure is fabricated on the surface by electron-beam ͑e-beam͒ lithography and the etched depth is about 400 nm by using inductively coupled plasma system. The diameter of the whole PC region is about 50 m, where the hexagonal PC lattice constants are ranging from 190 to 260 nm, and the r / a ratios are between 0.18 and 0.3. The schematic PCSEL structure and the detailed structural parameters can be found in our previous reports.
11 ,12 The angle-resolved photoluminescence ͑ARPL͒ system has the 325 nm CW He-Cd laser beam or the 355 nm pulse YVO4 laser beam as the optical pumping lasers which are incident onto the PCSEL devices obliquely with a spot size of about 50 m to cover the whole PC pattern. A fiber with a core radius of 600 m is used to collect the out-of-plane emission signal from the sample surface by rotated the fiber on a rotational arm, The resolutions of the spectral meter and rotation angle ͑͒ are 0.7 Å and 0.5°, respectively.
The normalized lasing frequencies ͑a / ͒ of PCSEL devices with different lattice constants can be grouped into three values of 0.48, 0.56, and 0.59, corresponding to PCSEL devices with three different PC lattice constants of 190, 210, and 230 nm, respectively. To further investigate the out-ofplane emission characteristics of our GaN-based PCSELs, we measured the light emissions from ⌫-K and ⌫-M directions to construct the dispersion diagram by using the ARPL system. The in-plane light wave vector k is related to the polar angle according to the relation; k = ͑2 / ͒sin . Figures 2 show the measured dispersion diagram at ⌫1 mode pumped by the YVO4 pulse laser and pumped by the He-Cd laser. The dash lines represent the simulated photonic band diagram around ⌫1 mode. Since YVO4 pulse laser has higher pumping energy intensity, it can be clearly seen that the PC laser shows the vertical emission near the normal direction to the sample surface in Fig. 2͑a͒ . However, except for the lasing peaks, the diffracted lines in this figure cannot be observed clearly due to high intensity of laser peaks. Alternatively, the diffracted pattern can be more clearly revealed in the measured dispersion diagram pumping by CW He-Cd laser, shown in Fig. 2͑b͒ . It should be noted that the transverse upward curving lines ͓indicated by black arrows in Fig. 2͑b͔͒ are resulted from the Fabry-Perot effect provided by the vertical device structure of the p-i-n-GaN layers and modulated by the interference of the DBR layers. Besides, the obvious diffraction lines can be observed with narrow line widths in the measured dispersion diagram, which are resulted from the in-plane PC diffraction. 11 In Fig. 2͑b͒ , we can observe several groups with different slopes of diffraction lines in the dispersion diagram. The diffraction lines with different slopes represent different dispersion modes, which can be well matched to calculated dispersion curves shown as dashed lines. The parallel diffraction lines with the same slope represent different guide modes in the in-plane direction. Though several band edges would appear in the calculated dispersion curves as shown in Fig. 2͑a͒ , only one dominant lasing peak was observed at the second lowest band-edge mode and one small peak was observed at the lowest band-edge mode due to that the optical fields cover larger gain regions around the PC holes for the two lowest ⌫1 band-edge modes in comparison to the two higher order ⌫1 band-edge modes.
Figures 3 show the measured ARPL diagrams of another PCSEL device with different PC structure near the K2 modes along the ⌫-K direction. Figure 3͑a͒ shows lasing peaks in the ARPL diagram by using YVO4 pulse laser pumping. In addition, the ARPL diagram in Fig. 3͑b͒ was obtained by using CW He-Cd laser pumping. The emission angle of lasing beam was about 29°off from the normal along the ⌫-K direction, which was quite matched to the estimated value ͑30°͒ shown in Fig. 1͑e͒ . In addition, we measured another PCSEL device exhibited characteristics of M3 band-edge mode along the ⌫-M direction. The measured dispersion diagrams pumped by YVO4 pulse laser and by He-Cd laser are shown in Figs. 4͑a͒ and 4͑b͒ , respectively. The lasing peaks can be clearly seen in Fig. 4͑a͒ . The emission angle of lasing beam was about 59.5°off from the normal along the ⌫-K direction, which was also quite matched to one of the estimated values ͑61.87°͒ shown in Fig. 1͑f͒ . Only one emission angle was obtained which could be due to that we only measured the ARPL diagram alone one ⌫-M direction. Figure 5 shows the divergence angles of ⌫1, K2, and M3 band-edge modes on the normal plane from the sample sur- face despite the measurements were along different directions. The lasing emission angles are ͑0°, 29°, and 59.5°͒ and the divergence angles of laser beams are ͑1.2°, 2.5°, and 2.2°͒ for ͑⌫1, K2, and M3͒ band-edge modes, respectively. The minor peaks at K2 and M3 modes might be due to other guided modes propagated in the GaN and sapphire substrate. Since the high order band-edge modes such as K2 and M3 of photonic crystal lasers require higher threshold gains, the pumping is so intense that the other guided modes could be appeared. Nevertheless, the dominant mode and the divergence angle can be properly identified. It should be noted that the measured emission angles might have some offset values ͑about 1°to 2°͒ due to the alignment difficulties in the ARPL system. However, from the above observation of our PCSEL devices, not only the higher band-edge modes were determined but their characteristics can be properly matched to the Bragg diffraction mechanism in 2D PC structure.
The GaN-based 2D PCSELs are fabricated and measured. Normalized frequency of investigated PC lasing wavelength can be corresponding to three band-edge frequencies ͑⌫1, K2, and M3͒, which indicates the lasing action can only occur at specific band edges. According to the Bragg diffraction theory and the angle-resolved PL diagrams, it further proved the existence of lasing modes at different band edge ͑⌫1, K2, and M3͒ by mapping the diffraction patterns with band structures. The three band-edge frequencies ͑⌫1, K2, and M3͒ have different emission angles at ͑0°, 29°, and 59.5°͒ normal to the sample surface, respectively. Besides, the divergence angles for ⌫1, K2, and M3 bandedge modes are about ͑1.2°, 2.5°, and 2.2°͒.
